-computed tomography assessment of root dentin around fluoride-releasing restorations after demineralization/remineralization. Eur J Oral Sci 2018; 126: 390-399. © 2018 Eur J Oral Sci Using micro-computed tomography (micro-CT), this study assessed the inhibitory effect of three different types of restorations on root-caries formation under a cariogenic challenge. Bovine-root dentin blocks with a cylindrical cavity were divided into three restoration groups: a fluoride-free self-etch adhesive and a resin composite (SE-ES); a self-etch adhesive and a resin composite with multi-ion release (FL-BF); and a glass ionomer cement (Fuji-VII). After the restorative procedures, the specimens were stored in artificial saliva for 1 d, then subjected to a demineralization solution for 4 d and a remineralization solution for 28 d. Mineral density and mean mineral loss of dentin around the restorations were measured using micro-CT. The mean mineral loss values of dentin around the restorations were highest among SE-ES restorations and lowest among Fuji-VII restorations. Fuji-VII showed the highest mineral density and the lowest mineral loss after 28 d of remineralization. The observations made by scanning electron microscopy demonstrated that Fuji-VII created the smallest outer lesion followed by FL-BF and SE-ES. Fuji-VII has a larger inhibitory effect on root caries around the restorations and enhances remineralization more effectively than either FL-BF or SE-ES. Multi-ion and fluoride release from the restorative materials may be beneficial for inhibition of rootdentin caries around the restorations.
Exposed root surfaces are seen commonly in adults and older subjects because of gingival recession, leading to an increase in the prevalence of root caries (1) . Conventional glass ionomer cements (GICs) and fluoride-releasing resin composites have been widely used for rootcaries treatments (2) . The main advantages of GICs are their ability to bind chemically to dentin (3) and to release and recharge fluoride ions (4) . Nowadays, there are several fluoride-containing resin-based restorative materials with different sources of fluoride. However, good dentin bonding is essential for long-term clinical success of resin composite restorations (5) . Current selfetching primer adhesive systems have demonstrated good clinical performance in dentin, effective sealing ability, and good resistance against acid-base challenge because of the incorporation of specific functional monomers and fluoride (6, 7) . Such systems are less technique-sensitive and reduce the time required for the bonding procedure compared with conventional adhesive systems; however, they are still sensitive to moisture when used for root-caries treatments (8, 9) . Secondary caries is a carious lesion around an existing restoration that occurs after the restoration has been in place for some time (10) . It has been shown to be the most common and important reason for all types of restoration replacements (11) . Secondary caries occurs frequently around cervical restorations, possibly because of difficulty in plaque removal in the area, technique sensitivity of restoration placement, and suboptimal adhesion to dentin (10) . Therefore, the restorations placed at the root dentin have a high risk for secondary caries formation.
Previously, polarized light microscopy (12) , microradiography (13) , microhardness (14) , and confocal laser scanning microscopy (15) were conventionally used to assess secondary caries formation in vitro. Nowadays, micro-focus X-ray computed tomography (micro-CT) is useful for the experiments exploring mineral density and the structure of mineral tissues, such as bones and teeth (16) (17) (18) (19) . Micro-CT enables creation of a three-dimensional (3D) map of the tooth-restoration interface and detection of the deepest marginal leakage (20, 21) .
The aim of this study was to assess the inhibitory effect on root-caries formation following cariogenic challenges of three different types of restorations using micro-CT. The null hypothesis of this study was that the three different types of restorative materials would not show different inhibitory effects against cariogenic challenge.
Materials and methods
The restorative materials used in this study are listed in Table 1 . A two-step self-etch adhesive and a resin composite [Clearfil SE Bond (SE) and Clearfil Majesty ES Flow High (ES), respectively; both from Kuraray Noritake Dental, Tokyo, Japan] were used to create a fluoride-free composite restoration (SE-ES). Clearfil SE Bond contains a functional monomer of 10-methacryloyloxydecyl dihydrogenphosphate (MDP) in both primer and bonding resin. A two-step self-etch adhesive and a resin composite [FLBond II (FL) and Beautifil Flow F10 (BF), respectively; both from Shofu, Kyoto, Japan] were used to create a multi-ion-releasing composite restoration (FL-BF). Both FL and BF contain surface prereacted glass ionomer (S-PRG) fillers which have potential for multi-ion release (22) . A GIC, GC Fuji-VII capsule (Fuji-VII; GC, Tokyo, Japan), was also used. GC Fuji-VII capsule is a low-viscosity strontium-glass-based ionomer cement which releases a high concentration of fluoride, and has been suggested by the manufacturer for use as a restorative material to protect the root surface (23) .
Specimen preparations
The specimen preparations are illustrated in Fig. 1 . Thirty extracted, non-damaged permanent bovine incisors were stored frozen until required. All adherent soft tissues around the teeth were cleaned and removed under running water. The bovine roots were obtained by cutting at the cemento-enamel junction with a low-speed diamond saw (Isomet; Buehler, Lake Bluff, IL, USA) under water cooling. Each root was sectioned into two halves to obtain the labial root surface. One cylindrical-shaped cavity (approximately 2 mm in width and 2.5 mm in depth) was prepared using a diamond bur (#200; Shofu) at the mid-labial surface of each root. The specimens were then trimmed carefully using a diamond saw (Isomet) to obtain tooth blocks of dimensions 4 mm 9 4 mm 9 3.5 mm including the prepared cavity. The bovine root surfaces of the specimens were carefully ground with #600-grit silicon carbide paper (Fuji Star; Sankyo Rikagaku, Saitama, Japan) under running water to adjust the cavity depth to approximately 2 mm. A hole (1.0 mm in diameter and 0.5 mm in depth) was made at the side of each specimen using a diamond bur (440SS ISO #010; Shofu) as a reference landmark for micro-CT scans (24) (Fig. 1) .
The cavities were restored with one of the three restorative protocols (SE-ES, FL-BF, and Fuji-VII) according to the manufacturer's instructions (n = 10 per group). For SE-ES and FL-BF, a halogen light-curing unit (Optilux 501; 600 mW cm
À2
; Demetron-Kerr, Danbury, CT, USA) was used for light curing. For Fuji-VII, the capsules were mixed using Capsule Mixer CM-II (GC) according to the manufacturer's instructions. The mixture in the capsule was applied into the cavities using a dispenser gun. À1 HEPES adjusted to pH 7.0 using 10 mol l À1 KOH) for 24 h in an incubator at 37°C. The restoration surfaces were then polished with #600-grit silicon carbide paper under running water to flatten the surface. All the surfaces were covered with acid-resistant nail varnish (CO11; Revlon, New York, NY, USA), leaving a window area (3 9 3 mm 2 ) to expose the dentin surface around the restoration. The prepared specimens were checked using a digital caliper (ABSOLUTE Coolant proof IP 67; Mitutoyo, Kawasaki, Japan) within the limited accuracy of AE0.02 mm.
Demineralization and remineralization procedures
All specimens were subjected to acidic challenge and remineralization procedures. For acidic challenge, the specimens were each immersed in 2 ml of a demineralization solution (2.2 mmol l À1 CaCl 2 , 2.2 mmol l À1 NaH 2 PO 4 , and 50 mmol l À1 acetic acid, adjusted to pH 4.5 with NaOH) (25) at 37°C continuously for 4 d on a laboratory shaker. They were then immersed in a remineralization solution (1.5 mmol l 
Micro-CT scanning
An X-ray micro-CT system (InspeXio SMX-100 CT; Shimadzu, Kyoto, Japan) was used to assess the changes of mineral density (MD) and mineral loss (ML) values of dentin around the restorations after de-/remineralization procedures. Each specimen was mounted on a computercontrolled turntable with the treated dentin surface perpendicular to the X-ray beam. A wet wiper roll was placed at the top of the specimen to prevent dryness of the specimen during scanning. A 0.2-mm-thick brass filter was used in the beam path to reduce the beam-hardening effect (24).
The tube voltage was 100 kV at a current of 70 lA. The distance between the X-ray source and the specimen was 50 mm, and that between the X-ray source and the detector was 300 mm. The specimen was rotated 360°at steps of 0.3°. A series of mineral phantoms (Phantoms; Ratoc System Engineering, Tokyo, Japan) were scanned before specimen scanning to obtain an MD calibration. 
Data analysis
A 3D image was reconstructed from 450 two-dimensional (2D) images in 16-bit TIFF with resolution of 1,024 9 1,024 pixels and voxel size of 5.0 lm using 3D analysis software (TRI/3D-BON, DIF, TMD; Ratoc System Engineering; Fig. 2 ). Gray-scale (CT) values were converted into MD values (gHAP cm À3 ) with a linear calibration curve based on the gray-scale values received from the phantoms (linear regression, R 2 > 0.9998) (27) . In order to compare changes of dentin lesion for each specimen, the 3D data images of each treatment from the same specimen were aligned and registered into one coordinate system. The rendered 3D volumes were manually translated and rotated in the software to match the baseline image visually which served as the reference. The features on each image used for the matching process were the sound dentin surface, the specimen edges, and the reference landmark (a small hole made by a high-speed round diamond bur on the side of the specimen). As there is a shift in voxel gray-scale values, five images of mineral phantom were superimposed 10 times and the standard deviation of the different images (SDDI) of the mineral phantom was calculated (SDDI = 0.057) (28) .
The region of interest (ROI; 300 9 600 lm 2 ) in each specimen was on the dentin adjacent to the right side of the restorative material. Mean MD was calculated from each ROI to a depth of 500 lm. The MD profile for each specimen was obtained by plotting the MD against the lesion depth. Mean ML values (gHAP cm À3 ) after the demineralization and remineralization periods were calculated from the MD profiles by subtracting the area under the curve for the treated profile from that of the sound dentin. The reference point of the depth axis (0 lm) in the mineral profile was set at the axial position of the sound dentin surface at the baseline. These calculations were performed by importing the MD data into a spreadsheet software package (Microsoft Excel 2010 for Windows; Microsoft, Redmond, WA, USA).
Scanning electron microscopic observation
In order to confirm the morphological change of the specimens after the demineralization and remineralization procedures, the specimens of 4 d DEM and 28 d REM (n = 5) were prepared in the same manner as described in the preparation of specimens for micro-CT analysis. The specimens were then dehydrated in ascending grades of an ethanol series (50, 70, 80, 90, 95 , and 2 9 100%) at 4°C for 30 min each, embedded in epoxy resin (Epoxy Cure; Buehler) for 1 d, and cut cross-sectionally at the center of each specimen. The cutting surfaces were polished with wrapping film sheets (3M, Tokyo, Japan) and stored in desiccators for 1 d. After gold-sputter coating, the interfaces between dentin and the restorations were observed by scanning electron microscopy (JSM-5310LV; JEOL, Tokyo, Japan).
Statistical analysis
The mineral density and mineral loss are expressed as mean and SD. Differences within and between mean values of groups were statistically analyzed using two-way repeated-measures ANOVA with restoration (SE-ES, FL-BF, and Fuji-VII) and procedure (demineralization and remineralization times) as factors and Tukey's test and Bonferroni post-hoc test, respectively. All statistical tests were performed with PASW Statistic 18 (IBM, Armonk, NY, USA). The significance level of all tests was set at a = 0.05.
Results

Micro-CT analysis
The representative 3D micro-CT images of the SE-ES specimens are shown in Fig. 3 . The baseline specimen (Fig. 3A) showed a flat surface around the composite restoration (CR) of specimen. However, the 4 d DEM specimen (Fig. 3B) clearly showed mineral loss on the dentin surface around the resin composite as a result of challenge with acid, while the 28 d REM specimen (Fig. 3C) showed less mineral loss on the dentin surface than the 4 d DEM specimen, suggesting remineralization of the dentin surface around the restoration.
The typical 2D micro-CT images of each group are shown in Fig. 4 . In SE-ES, the SE adhesive (B) and the ES composite (CR) could be clearly distinguished from each other (Fig. 4A-C) . For FL-BF, the FL adhesive (B) and the BF composite (CR) were barely distinguishable because of the similarity in the gray values of FL and BF (Fig. 4D-F) . For Fuji-VII, the restoration (GIC) was clearly observed from the cavity. Occasionally, radiolucent fillers were observed as the black spots inside the restoration (Fig. 4G-I ). In the 4 d DEM images, the underlying demineralized dentin (white triangles) was observed around the restorations in all groups (Fig. 4B,E,H) . However, the depth of demineralization was material dependent. The depth of demineralized dentin in SE-ES (Fig. 4B) was relatively larger than that in FL-BF and Fuji-VII (Fig. 4E,H) . The demineralized dentin area around Fuji-VII was remarkably smaller than that of SE-ES and FL-BF after 4 d DEM. After remineralization for 28 d, the gray values of the demineralized dentin visually changed for each group. The highest mineral density was observed in Fuji-VII (Fig. 4I) , followed by FL-BF (Fig. 4F ) and SE-ES (Fig. 4C) . The subsurface lesions were observed as high-density areas (black arrows) in FL-BF (Fig. 4F) and Fuji-VII (Fig. 4I) .
Mean MD profiles
The MD profiles of each group are summarized in 
Micro-CT for secondary root caries
The MD profiles of SE-ES appeared relatively straight with no peak (representing a surface layer). In comparison with SE-ES, the MD profile patterns of FL-BF showed an increase in the mineral volume at around a 50 lm depth of the demineralization (Fig. 5B) . The profile patterns of Fuji-VII showed a remarkable subsurface layer (Fig. 5C ) and an increase of the mineral volumes at 4 d DEM, 7 d REM, and 
Mean ML
The mean ML values of dentin around the restorations are summarized in Table 2 . Two-way repeatedmeasures ANOVA revealed a significant interaction between the two factors of restoration and procedure (P = 0.013). Multiple comparisons with Tukey's test and the Bonferroni post-hoc test revealed significant differences in ML within and between groups. In SE-ES, there were significant differences Scanning electron microscopic observations of the cavity marginal area Figure 6 shows the representative SEM images of the marginal area of the restorations in 4 d DEM (left) and 28 d REM (right) specimens, respectively. There were no gap formations between the restoration and dentin. However, some cracks appeared as a result of the high vacuum applied during specimen preparation. The crack was observed inside the restorative material in SE-ES (Fig. 6A,B) , while it occurred within the bonding agent in FL-BF (Fig. 6C,D) . On the other hand, the crack occurred through the GIC in Fuji-VII (Fig. 6E,F) . The morphological changes at the interface, such as hybrid layer and acid-base-resistant zone, were not detected under the limited magnification (9350). The depth of the outer lesion, which was the area created after demineralization, was almost same in DEM (Fig. 6A) and REM (Fig. 6B ) specimens of SE-ES. However, the depth of the outer lesion formed by FL-BF became shallower in the 28 d REM specimen (Fig. 6D) . The bright area (white triangles) was observed at the underlying dentin lesion in the 28 d REM specimen of FL-BF (Fig. 6D) . For Fuji-VII, the outer lesion of the 4 d DEM specimen (Fig. 6E ) was shallower than those of SE-ES (Fig. 6A ) and FL-BF (Fig. 6C) 4 d DEM specimens. The outer lesion in Fuji-VII became much shallower in the 28 d REM specimen (Fig. 6F) . In Fuji-VII, the bright area (white triangles) was observed at the underlying dentin lesion in the 28 d REM (Fig. 6F ) specimens, which was much thicker and denser than that observed in the 28 d REM specimen of FL-BF (Fig. 6D) . Table 2 Mineral loss of dentin around the restorations (Vol% lm) 
Discussion
Previous studies have evaluated artificial secondary caries formation around fluoride-free and fluoride-containing restorative materials (12, 15, 29) . Fluoride uptake and fluoride penetration are higher in root dentin than in coronal enamel because of the different morphological structures and porosities of the former (30) . The anticariogenic effects of fluoride ions on tooth structures are caused by inhibition of demineralization, enhancement of remineralization, inhibition of microbial growth and metabolism, interference of pellicle, and plaque formation (31) (32) (33) (34) .
In the current study, the micro-CT assessment was carried out to clarify the anticariogenic effect of different restorative materials on de-/remineralization of dentin around the restorations. The mineral loss and mineral uptake of the dentin surface around the restorations were monitored non-destructively using micro-CT.
SE-ES is a fluoride-free adhesive/composite restoration formed from Clearfil SE Bond and Clearfil Majesty ES Flow High. Clearfil SE Bond incorporates a functional monomer of MDP which has a strong chemical interaction with hydroxyapatite, forming a stable calcium salt at the dentin-adhesive interface (7, 35 (22) and to inhibit demineralization (36) . It has been reported that the S-PRG filler exerts a strong buffering capacity, bringing the pH value of the surrounding environment to a weak alkaline range when it comes into contact with water or acidic solution (37) . It has also been reported that fluoride and strontium ions released from S-PRG fillers have the potential to improve the acid resistance of teeth by converting hydroxyapatite to fluoroapatite (38) and strontium-apatite (39) . Fuji-VII is a GIC with higher fluoride release and recharge properties than other conventional GICs (4, 23) , and these properties are thought to be beneficial for root dentin protection, especially in high-caries-risk patients.
Based on the results presented in this study, dentin demineralization and remineralization around restorations are material dependent. The MD profiles in Fig. 5 indicate that 4 d of demineralization has potential to create a demineralization depth of more than 200 lm in dentin. The SE-ES and FL-BF groups showed similar mineral profiles during early demineralization; however, they presented different patterns after longer demineralization and throughout remineralization. The MD profile of FL-BF showed a subsurface layer peak at 50 lm depth, indicating that FL-BF was more acid resistant than SE-ES, perhaps because of its multi-ion release from S-PRG fillers (22) . From scanning electron microscopy observations, the subsurface layer was barely observed in FL-BF after 28 d REM (Fig. 6D ).
Fuji-VII showed different MD profile patterns from SE-ES and FL-BF at all times, suggesting greater acid resistance against demineralization and remarkable remineralization effects, perhaps because of the large amount of fluoride released from the GIC (40) . The porosity of Fuji-VII is much higher than that of the BF resin composites, which may be beneficial for the release of large amounts of fluoride ions initially (41) , resulting in effective inhibition of dentin demineralization (42) . The micro-CT images of Fuji-VII clearly show formation of a subsurface layer after remineralization (Fig. 4I) . The MD peaks were observed at approximately 20 lm depth. It is considered that the penetration of fluoride ions into dentin through the matrix of Fuji-VII was higher than through the matrix of FL-BF because the polymerized resin composite matrix may act as a barrier to the release of fluoride ions in the latter (43) . The subsurface layer was clearly observed in the scanning electron microscopy image of Fuji-VII after 28 d REM (Fig. 6F) . It has previously been reported that a conventional GIC demonstrates the highest penetration of fluoride ion into dentin, followed by a resinmodified GIC, and a resin composite (44) . Also, a GIC provided twofold higher fluoride uptake and twofold lower mineral loss than a fluoride-free composite (45) .
Crack propagation was observed in most specimens of each group in this study, which may be a result of the high vacuum required for the preparation of specimens for scanning electron microscopy. However, crack formations did not occur at the restoration-dentin interface in any of the groups, which suggests that the lesions around the restorations in all the groups should be considered as experimentally induced primary caries lesions rather than secondary caries lesions originating in cracks. However, the specimens were subjected to demineralization and remineralization procedures under static condition in this study. Dynamic loading of the specimens to simulate the clinical situation may be important to clarify the primary/secondary nature of the caries lesions around the restorations (46) .
The hybrid layer is formed by penetration of functional monomer into the dentin and polymerization in situ at the dentin-adhesive interface (47) . We attempted to visualize this under scanning electron microscopy using chemical or mechanical modifications of the interface. Regarding the mechanical approach, argon-ion beam etching has been used to reveal the hybrid layer at the resin-dentin interface clearly (48) . TSUCHIYA et al. (49) demonstrated the formation of an acid-base-resistant zone adjacent to the hybrid layer at the dentin-adhesive interface with a self-etching adhesive system after acid-base challenge. Formation of an acid-base-resistant zone is still, however, considered to be caused by monomer penetration potential combined with a chemical reaction of a functional monomer with hydroxyapatite, and also fluoride release in the adhesive systems (49) . The acid-base-resistant zones of fluoridefree adhesive, SE, are parallel to the adhesive interface and homogenous (50) , while those of the fluoridereleasing adhesive, FL, are thinner at the top of the outer lesion but thicker at the end of the outer lesion (slope formation). This is believed to be caused by fluoride release from the adhesive (51) . Unfortunately, the hybrid layer and acid-base-resistant zone were not visualized at the interfaces of the specimens because the specimens were not specially treated for visualization of hybrid layer and acid-base-resistant zone in this study (50) .
The outer lesion created after demineralization was observed by scanning electron microscopy in all groups (50) ; however, the depth of the outer lesion was material dependent. The collagen exposed after demineralization appeared to have collapsed because of drying of the specimens. It is noteworthy that the collapsed collagen may affect the apparent depth of the outer lesion in the scanning electron microscopic observation. Fuji-VII demonstrated much shallower outer lesions than the other groups, confirming the beneficial effects of fluoride release (52) .
Based on the current results, the null hypothesis that the three different types of restorative materials would not differ with respect to their inhibitory effects against the cariogenic challenges to the dentin was rejected. The three different types of restorative materials showed different effects against the demineralization/remineralization challenges. Clinically, the use of fluoride-releasing restorative materials is thought to be beneficial for inhibition of demineralization and promotion of remineralization in root-caries treatments. However, further studies should be carried out to compare the durability of the restorations. Micro-CT is a powerful device for obtaining non-destructive 3D images of dental hard tissues, allowing clear and dynamic detection of the progression of demineralization and remineralization around the restorations.
Among the resin composites, FL-BF demonstrated greater acid resistance and a higher degree of remineralization at the dentin around the restoration than SE-ES. The GIC, Fuji-VII, exerted an even greater inhibitory effect on artificial root dentin demineralization and enhanced remineralization compared with the resin composites.
